Abstract The Escherichia coli NADPH-dependent aldehyde reductase YqhD has contributed to a variety of metabolic engineering projects for production of biorenewable fuels and chemicals. As a scavenger of toxic aldehydes produced by lipid peroxidation, YqhD has reductase activity for a broad range of short-chain aldehydes, including butyraldehyde, glyceraldehyde, malondialdehyde, isobutyraldehyde, methylglyoxal, propanealdehyde, acrolein, furfural, glyoxal, 3-hydroxypropionaldehyde, glycolaldehyde, acetaldehyde, and acetol. This reductase activity has proven useful for the production of biorenewable fuels and chemicals, such as isobutanol and 1,3-and 1,2-propanediol; additional capability exists for production of 1-butanol, 1-propanol, and allyl alcohol. A drawback of this reductase activity is the diversion of valuable NADPH away from biosynthesis. This YqhD-mediated NADPH depletion provides sufficient burden to contribute to growth inhibition by furfural and 5-hydroxymethyl furfural, inhibitory contaminants of biomass hydrolysate. The structure of YqhD has been characterized, with identification of a Zn atom in the active site. Directed engineering efforts have improved utilization of 3-hydroxypropionaldehyde and NADPH. Most recently, two independent projects have demonstrated regulation of yqhD by YqhC, where YqhC appears to function as an aldehyde sensor.
Introduction
The production of biorenewable chemicals at a high yield and titer, production of second-generation biofuels and mitigating biocatalyst inhibition by compounds in biomass hydrolysate are all current goals of the Metabolic Engineering and Synthetic Biology communities ). As we search metagenomic libraries for enzymes with novel functions and engineer existing enzymes for novel functions, it is easy to disregard the potential discovery of new, interesting enzymes in our workhorse biocatalysts. However, although it was virtually unknown in the scientific literature until 2003, the Escherichia coli YqhD enzyme has proven vitally important in three recent projects: production of 1,3-propanediol (1,3-PD) and 1,2-propanediol (1,2-PD) at high yield and titer, production of the second-generation biofuel isobutanol and engineering of E. coli for furan tolerance. This enzyme has NADPHdependent reductase activity for more than ten aldehyde substrates (Table 1 ) and many of its products are valuable biorenewable fuels and chemicals.
Here, I review the use of this enzyme in various Metabolic Engineering projects as well as the current knowledge of its structure, regulation, and kinetic parameters. This data is summarized in Tables 1 and 2 
Propanediol production
YqhD came to the attention of the Metabolic Engineering community when researchers at DuPont aimed to produce 1,3-PD using recombinant E. coli (Emptage et al. 2003) , where 1,3-PD can be used as a monomer in the production of a variety of consumer products. These researchers used the Klebsiella pneumoniae DHA regulon, but found that Li et al. 2008 expression of dhaT resulted in accumulation of 3-hydroxypropionaldhyde (3-HPA) and other toxic aldehydes, limiting biocatalyst viability. Removal of dhaT from the engineered pathway resulted in increased viability, as well as increased titer and yield 1,3-PD, motivating the search for 3-HPA reductase activity in the E. coli proteome.
Fractionation of cell-free extracts and assessment of dehydrogenase activity using a native gel assay, according to the method of (Johnson and Lin 1987) , yielded a single spot. Sequencing of this spot identified it as YqhD and subsequent deletion of yqhD confirmed that it is required for significant 1,3-PD production (Emptage et al. 2003) .
Encouraged by these positive results, Wang and coworkers replaced K. pneumoniae's dhaT with yqhD in their recombinant E. coli strain, increasing 1,3-PD titer from 8.6 to 13.2 g/L (Wang et al. 2007) . Others have used YqhD in combination with the Clostridium butyricum DHA pathway in E. coli: co-expression of yqhD with dhaB1 and dhaB2 resulted in a strain that produced 104.4 g/L 1,3-PD from glycerol with a productivity of 2.61 g/L/hr (Tang et al. 2009 ). Mutagenesis of E. coli YqhD, described in more detail below, yielded a D99QN147H mutant with lowered K m for 3-HPA; this mutant version produced twice as much 1,3-PD from 3-HPA by whole-cell transformation than the wild-type YqhD (Li et al. 2008) .
K. pneumoniae has the inherent ability to produce 1,3-PD from glycerol via DhaB and DhaT. However, like with Emptage's work with recombinant E. coli, 1,3-PD production was observed even after deletion of dhaT (Seo et al. 2010) . A search of the K. pneumoniae genome for a homolog of the E. coli YqhD found a match with 88% amino acid similarity. Increased expression of this homolog in a ΔdhaD K. pneumoniae strain increased glycerol consumption and 1,3-PD yield. The final engineered strain produced 1,3-PD from glycerol at a titer of 7.7 g/L and yield of 0.438 g/g (Seo et al. 2010) . Alternatively, Zhu et al. expressed the E. coli YqhD in K. pneumoniae ). The strain had a slightly decreased growth rate relative to its parent strain, but 1,3-PD titer, glycerol consumption, and yield were all improved. The final engineered strain produced 67.6 g/L 1,3-PD from glycerol at a yield of 0.513 g 1,3-PD per g glycerol consumed.
Finally, the E. coli YqhD has contributed to 1,3-PD production in Saccharomyces cerevisiae (Rao et al. 2008) . Through co-expression and chromosomal integration with the K. pneumoniae dhaB, the final engineered strain produced 1,3-PD at a titer of 0.4 g/L.
YqhD is also important for 1,2-PD production; 1,2-PD can be produced from acetol by D-aminopropanol dehydrogenase GldA, but a methylgoxyal reductase is required for production of acetol from methylglyoxal. A search for NAD(P)H-dependent methylglyoxyal reductase activity in anaerobic E. coli extracts found three candidates, all of which are NADPH-dependent: YqhD, YdhF, and DkgA. A similar search in microaerobic cell fractions again identified YqhD and DkgA. The use of YqhD in subsequent Metabolic Engineering efforts resulted in production of 0.14 g 1,2-PD per gram of glucose (Soucaille et al. 2008) . YqhD was similarly important for production of 1,2-PD from glycerol by E. coli (Clomburg and Gonzalez 2010) . Tuned expression of gldA and mgsA along with either yqhD or 1,2-propanediol oxidoreductase fucO showed that the yqhD-containing strain had a higher NADPH-dependent methylglyoxal reducing activity. A final yqhD-containing engineered strain produced 5.6 g/L 1,2-PD from glycerol with a mass yield of 0.213 g 1,2-PD per gram of glycerol (Clomburg and Gonzalez 2010) .
Thus, YqhD has played an invaluable role in production of two types of propanediol in three different biocatalysts. This is especially interesting when one considers that its K m for 3-HPA is higher than most its other aldehyde substrates (Table 1 , Fig. 1 ).
Isobutanol production
Long-chain alcohols, such as butanol, have many desirable properties relative to existing biofuels such as ethanol (Atsumi et al. 2010) . In an effort to produce isobutanol through a 2-keto-acid-based pathway in E. coli, Atsumi et al. needed an alcohol dehydrogenase to convert isobutyraldehyde to isobutanol (Atsumi et al. 2010 ). YqhD, due to its known activity as an aldehyde reductase, was a strong candidate for this desired activity. Subsequent deletion of yqhD decreased isobutanol production by 80%, confirming that it was responsible for the majority of isobutyraldehyde reductase activity. Comparison to ADH2 from S. cerevisiae and AdhA from Lactobaccilus lactis showed that YqhD and AdhA both outperform ADH2 in terms of isobutanol productivity. Attempts to increase YqhD activity by expressing YqhD from high-copy plasmids yielded no improvement in isobutanol production, indicating that basal expression of YqhD from the chromosome is sufficient for saturation of the isobutanol production pathway. YqhD was also used for industrial production of isobutanol by E. coli from glucose and sucrose (Donaldson et al. 2007 ).
Tolerance to toxic aldehydes
In the previous examples, YqhD was utilized for its metabolic activity, helping to convert an aldehyde intermediate to a valuable product. However, aldehydes also occur in non-metabolic pathways and YqhD contributes to reduction of these toxic compounds. Indeed, this job as an aldehyde scavenger may be the default role of YqhD in wild-type metabolism.
Lipid peroxidation by reactive oxygen species results in the production of short-chain aldehydes (Perez et al. 2008 ). YqhD has NADPH-dependent reductase activity towards many of these toxic aldehydes, such as acrolein, butyraldehyde, and glyoxal (Table 1 ; Perez et al. 2008; Lee et al. 2010) . This activity plays a defensive role against reactive oxygen species-generating agents, such as hydrogen peroxide and potassium tellurite: deletion of yqhD increased growth sensitivity and increased expression of YqhD decreased growth sensitivity (Perez et al. 2008) . Similar results were observed for glyoxal and methylglyoxal: deletion of yqhD increased sensitivity and increased YqhD expression increased tolerance (Lee et al. 2010) . Alternatively, sensitivity to Cd 2+ or diamide, which do not generate reactive oxygen species, was not altered by changes in yqhD expression (Perez et al. 2008 ).
While the above examples demonstrate that reduction of toxic intermediates can be beneficial, this expenditure of valuable NADPH can also limit growth, as shown in Miller et al.'s work with furfural. Lignocellulosic biomass is an attractive source of sugars for fermentation, but treatment of this biomass to release the fermentable sugars also releases inhibitory compounds, such as the aldehyde furfural. Reverse engineering of a furfural-tolerant mutant of ethanologenic E. coli W, via transcriptome and phenotype analysis, revealed that yqhD expression was decreased 50-fold and this transcriptional silencing was crucial to the tolerant phenotype (Miller et al. 2009b ). Deletion of yqhD from the parent strain conferred furfural tolerance and restoration of yqhD expression in the evolved strain restored sensitivity. Decreased YqhD expression was accompanied by decreased furfural reduction and subsequent in vitro assays confirmed that YqhD is an NADPHdependent furfural reductase. This link between furfural tolerance and YqhD-mediated furfural reduction was attributed to the finite availability of NADPH for biosynthesis (Miller et al. 2009b ). Conversion of sulfate to sulfide, critical for cysteine biosynthesis, is NADPH-intensive; depletion of NADPH by YqhD with its low NADPH K m (8 μM) leaves insufficient NADPH for cysteine biosynthesis (Miller et al. 2009a) . YqhD is similarly important for tolerance to 5-hydroxymethyl furfural . As discussed below, the transcriptional silencing of yqhD in the furfural-tolerant mutant has been attributed to an insertion mutation within the regulator YqhC . In contrast to the aldehydes generated by lipid peroxidation, the NADPH burden associated with furan reduction has more of an impact on growth than the toxic effect of the furans themselves.
Structure and kinetic parameters
Sequence analysis places YqhD in the so-called "ironcontaining" alcohol dehydrogenase family, despite the fact that members of this group contain various divalent ions. Sulzenbacher et al. performed a thorough characterization of YqhD's structure and kinetic properties (Sulzenbacher et al. 2004) , with the conclusion that YqhD is an NADPHdependent alcohol dehydrogenase that works best with alcohol chains longer than three carbons. However, as described above, recent analyses have suggested that aldehyde substrates are preferred relative to alcohols (Tables 1 and 3) .
Each YqhD monomer contains an α-helical domain and a Rossmann-type fold domain. The 387-residue monomers assemble into a dimer, with dimer interactions including hydrogen bonding between the β-sheets of the coenzymebinding domains and helices with residues 212-219 and 242-255 (Sulzenbacher et al. 2004 ). This dimer interaction is similar to the Thermotoga maritima alcohol dehydrogenase (ADH; Schwarzenbacher et al. 2004 ). However, unlike T. maritima's ADH, YqhD's active site contains a Zn 2+ atom instead of Fe 2+ (Sulzenbacher et al. 2004 ). Sulzenbacher's studies showed that Asp194, His267, and His281 coordinate the zinc ion (Fig. 2) . Note that these sites are conserved in Klebsiella (Seo et al. 2010) . The coenzyme binding is quite different from the classical Rossmann domain: NADP binds roughly perpendicularly to the parallel sheet of YqhD, instead of the parallel binding seen with horse liver ADH (Sulzenbacher et al. 2004 ). This means that the nicotinamide is nearly three times further away from the parallel sheet in YqhD than in the horse liver ADH. These structural studies noted the existence of a modified NADP coenzyme, NADPH(OH) 2 , but stated that this could be attributed to performing assays in nonphysiological conditions (Sulzenbacher et al. 2004 ).
YqhD's NADP-dependent activity was queried with 11 alcohols, 15 aldehydes, 3 amino acids, 6 sugars, and 4 α-OH acids. Significant activity was observed only for the alcohols 1-propanol, 1-butanol, 1-pentanol, isoamyl, 1-hexanol, 1-octanol, and benzyl (Table 3) . However, these seven substrates had relatively high K m values, indicating that these alcohols are probably not the preferred substrates for these enzymes. In retrospect, it is now known that YqhD primarily functions as an NADPH-dependent aldehyde reductase, not the NADP-dependent alcohol dehydrogenase that was screened for in the above studies.
Directed engineering
Error-prone PCR of YqhD in order to improve 1,3-PD production yielded two mutants, D99QN147H and Q202A, with decreased K m and increased k cat for certain aldehydes, particularly 3-HPA (Li et al. 2008 ) ( Table 1 ). Note that the reported k cat values for 3-HPA are lower than the normal range expected for this type of measurement. The D99QN147H mutant is consistent with the existing structural model (Sulzenbacher et al. 2004) , as residues Asp99 and Asn147 both interact with NADPH. The benefit of mutation of Gln202 is unclear, as it has not previously been recognized as an important residue. As described above, use of the D99QN147H mutant increased 1,3-PD production from 3-HPA 2-fold (Li et al. 2008) . Metabolic Explorer has also performed directed engineering and has isolated YqhD mutants with a 2-fold increase in the catalytic efficiency of YqhD toward NADPH (Francois Voelker, personal communication).
Regulation
While YqhD has been fairly well-characterized in terms of structure, kinetic parameters, and substrate range, until recently its regulation was virtually unknown. Three different projects involving whole-cell directed engineering showed perturbed expression of yqhD. As discussed above, evolution of an E. coli W derivative for furfural tolerance resulted in a nearly 50-fold decrease in yqhD transcript abundance (Miller et al. 2009b ). Contrastingly, when Riehle et al. evolved three parallel E. coli lines for thermotolerance, yqhD transcript abundance was increased approximately fourfold in two of these lines relative to the parental E. coli B-derived strain (Riehle et al. 2003 (Riehle et al. , 2005 . Finally, glyoxal-tolerant mutants of MG1655 were found to have increased expression of yqhD (Lee et al. 2010) . This perturbed expression of yqhD was shown to be critical for furfural and glyoxal tolerance (Lee et al. 2010; Miller et al. 2009b ), but the contribution of increased yqhD expression to thermotolerance has not been determined.
Reverse engineering efforts revealed that both the furfuraltolerant and glyoxal-tolerant strains contained a critical mutation within yqhC, a putative regulator that is adjacent to Fig. 2 Interaction of the coenzyme and Zn with YqhD, as presented by and reproduced from Sulzenbacher et al. (2004) . Black represents carbon atoms, red represents oxygen atoms, and blue represents nitrogen atoms. The dashed green lines indicate hydrogen bonds yqhD, though controlled by a separate promoter Lee et al. 2010) . The furfural-tolerant strain contained an insertion mutation, rendering YqhC unable to activate yqhD . The glyoxal-tolerant strain contained a P63S mutation that rendered YqhC constitutively active (Lee et al. 2010) . Gel shift studies confirmed binding of YqhC to the yqhD promoter and identified the YqhC binding site (Lee et al. 2010) . Subsequent experiments showed that not only is YqhC required for furfural-mediated activation of yqhD, but it is also required for activation of yqhD in response to other aldehydes, such as acetaldehyde, propionaldehyde, butyraldehyde, 5-hydroxymethyl furfural, and cinnamaldehyde .
Transcriptome analysis of a yqhC deletion mutant, as well as the evolved strain that contains an insertion mutation in yqhC, led to the conclusion that YqhC is a localized regulator and its regulon may consist solely of yqhD and dkgA . Bioinformatic analysis of other Gram-negative bacteria suggests that yqhC and yqhD have evolved in close association, with dkgA becoming associated more recently ).
As described above, YqhD activity is important for reduction of the toxic aldehydes produced by lipid peroxidation (Perez et al. 2008) . The finding that yqhD expression is increased in response to aldehyde-generating potassium tellurite is consistent with the proposed model that YqhC is activated by aldehydes. While a putative SoxS binding site was identified in the yqhD promoter, yqhD was still tellurite sensitive in the absence of SoxS, leading Perez et al. to conclude that induction of yqhD is largely independent of SoxS (Perez et al. 2008 ). This binding site has been recently attributed to the SoxS homolog YqhC (Lee et al. 2010) .
Additional information about regulation of yqhD can be gleaned from the existing pool of E. coli omics data (University of Oklahoma Gene Expression Database 2009). Enterohemorragic E. coli had increased transcript abundance of yqhD in biofilm-associated cells treated with isatin relative to planktonic cells also treated with isatin (Lee et al. 2007) . Isatin is an oxidized indole with two ketone groups and was being investigated due its role as a potential signaling molecule. There was no difference in yqhD transcript abundance between the planktonic and biofilm-associated cells that were not treated nor was there an expression difference in biofilm-associated and planktonic cells treated with 7-hydroxyindole. Note that 7-hydroxyindole does not have any aldehyde or ketone groups. This raises the intriguing possibility that isatin-mediated activation is due to the ketone groups, though it is unclear why yqhD is differentially expressed in the planktonic and biofilmassociated cells during isatin treatment.
Challenge of E. coli DH1 with n-butanol during mid-log growth transiently activated yqhD; sixfold induction was observed at 30 min, with the 80 and 195 min samples showing less than a twofold change relative to the control sample (Rutherford et al. 2010) . Additionally, a BW25113 yqhD deletion mutant showed increased sensitivity to butanol challenge (Rutherford et al. 2010) . Given that superoxide dismutase sodA was also activated, the authors attributed this yqhD activation to oxidative stress. This is consistent with the proposed model that oxidative stress promotes lipid peroxidation, with the resulting aldehyde products activating YqhC and yqhD. Deletion of yqhD could increase butanol sensitivity as a result of accumulation of these toxic intermediates.
yqhD was activated fourfold following Cd 2+ treatment of E. coli strain W3110 (Helbig et al. 2008) . Cd 2+ has a high affinity for sulfide, resulting in limitation of cysteine biosynthesis (Helbig et al. 2008) , similar to the effect seen following furfural challenge (Miller et al. 2009a ). This Cd 2+ -mediated activation of yqhD was still observed in the absence of gshA or gshB, critical components of the biosynthesis pathway for E. coli's main thiol, glutathione (Helbig et al. 2008) . Glutathione is a critical component of the aldo-keto reductase (AKR) system that converts potentially toxic aldehydes to alcohols (Perez et al. 2008) . In addition to its thiol group, glutathione, like isatin, contains two ketone groups. While the conservation of Cd 2+ -mediated activation in the absence of gshA or gshB suggests that yqhD regulation is not related to these two enzymes, deletion of gshA or gshB resulted in increased abundance of yqhD relative to the wild-type, both for untreated samples and for those treated with Cd 2+ , suggesting that there is a link between glutathione production and expression of yqhD (Helbig et al. 2008) Note that other studies found neither increased expression nor deletion of yqhD altered Cd 2+ sensitivity in E. coli BW25113, indicating that activation of yqhD does not significantly contribute to Cd 2+ resistance (Perez et al. 2008) . Finally, treatment with 1 mM S-nitrosoglutathione (GSNO) increased yqhD transcript abundance by twofold (Mukhopadhyay et al. 2004) . Note that 0.1 mM GSNO did not perturb yqhD expression (Jarboe et al. 2008; Mukhopadhyay et al. 2004) . GSNO has been shown to decrease cysteine bioavailability in E. coli (Jarboe et al. 2008 ), but here it seems more plausible that the ketone groups of S-nitrosoglutathione are sufficient for activation of YqhC. Alternatively, the Cd 2+ , GSNO, and furfural treatments all activate yqhD and cause limitation of cysteine biosynthesis, suggesting that there may be an as-yet-unidentified link between yqhD and cysteine or sulfide biosynthesis pathways.
Unexplored functions
As shown in Table 1 , YqhD has NADPH-dependent reductase activity towards at least 12 aldehydes and only a few of these have been explicitly recruited for Metabolic Engineering projects. However, it is plausible that YqhD has surreptitiously contributed to such projects. For example, YqhD has a K m value of approximately 0.5 mM for butyraldehyde; this is lower than the reported 1.6 mM for Clostridium acetobuylicum's butyraldehyde dehydrogenase (Palosaari and Rogers 1988) and 4.7 mM for aldehyde dehydrogenase ALDH in Lactobaccilus brevis (Berezina et al. 2010 ). Thus, it seems that the high background level of butyraldehdye reductase activity observed in E. coli by Inui et al. could be attributed to YqhD (Inui et al. 2008) . Similarly, S. cerevisiae ADH2 was used for production of 1-butanol and 1-propanol in E. coli (Shen and Liao 2008) , but given YqhD's low K m for butyraldehyde and propanaldehyde, it is reasonable to speculate that at least some of the observed activity was due to YqhD, as seen with the isobutanol production project by the same research group.
Other substrates appear to be truly untapped thus far. The reduction of acrolein to allyl alcohol is especially intriguing, given the current interest in selective hydrogenation of acrolein to allyl alcohol in the chemical industry, where acrolein can be produced by selective dehydration of glycerol (Claus 1998; Gallezot and Richard 1998; Liu et al. 2010) . Acrolein can be metabolically produced from 3-HPA by spontaneous thermal intramolecular dehydration, a reaction that is enhanced at low pH (Schutz and Radler 1984) . YqhD also has a low K m for malondialdehyde and could perform two reduction reactions on this substrate to produce 1,3-PD (Table 1) . However, there are few, if any, pathways other than lipid peroxidation that produce malondialdehyde (Maness et al. 1999 ).
Discussion
While YqhD has a surprising number of substrates, the established degree of substrate promiscuity pales in comparison to such enzymes as tyrocidine synthetase 1 (TycA), with a documented 30 substrates (Babtie et al. 2010; Villiers and Hollfelder 2009 ). TycA's k cat /K m values vary by seven orders of magnitude; the available YqhD values vary by six orders of magnitude, but exclusion of the extremely low k cat value for 3-HPA leaves a range of four orders of magnitude for YqhD. Pending an exhaustive search such as that performed by (Villiers and Hollfelder 2009) , it is difficult to compare YqhD's substrate promiscuity to TycA. Other aldo-keto reductases with a broad range of substrate specificity have been identified, including AKR from Helicobacter pylori and YvgN and YtbE from Bacillus subtilis, though these enzymes show a preference for nitrobenzaldehydes, chlorobenzaldehydes, and pyridine aldehydes in contrast to the relatively simple aldehydes reported to be utilized by YqhD (Cornally et al. 2008; Lei et al. 2009 ).
Regardless of if it meets the criteria of being a promiscuous enzyme, the involvement of YqhD in so many distinct pathways makes it a very interesting enzyme. The fact that such a useful, versatile enzyme remained in relative obscurity for many years despite the widespread use of E. coli highlights the fact that there are other useful enzymes still to be discovered in our workhorse biocatalysts. Future characterization of the activation mechanism of YqhC and incorporation of YqhD into Metabolic Engineering projects will be useful for this intriguing system.
